Tissue growth and function depend on vascularization, and vascular insufficiency or excess exacerbates many human diseases. Identification of the biological processes involved in angiogenesis will dictate strategies to modulate reduced or excessive vessel formation. We examine the essential role of pericytes. Their heterogeneous morphology, distribution, origins, and physiology have been described. Using double-transgenic Nestin-GFP/NG2-DsRed mice, we identified two pericyte subsets. We found that Nestin-GFP Ϫ /NG2-DsRed ϩ (type-1) and Nestin-GFP ϩ /NG2-DsRed ϩ (type-2) pericytes attach to the walls of small and large blood vessels in vivo; in vitro, type-2, but not type-1, pericytes spark endothelial cells to form new vessels. Matrigel assay showed that only type-2 pericytes participate in normal angiogenesis. Moreover, when cancer cells were transplanted into Nestin-GFP/NG2-DsRed mice, type-1 pericytes did not penetrate the tumor, while type-2 pericytes were recruited during its angiogenesis. As inhibition of angiogenesis is a promising strategy in cancer therapy, type-2 pericytes may provide a cellular target susceptible to signaling and pharmacological manipulation in treating malignancy. This work also reports the potential of type-2 pericytes to improve blood perfusion in ischemic hindlimbs, indicating their potential for treating ischemic illnesses.
morphology, and origin, they are heterogeneous (15, 17-19, 34, 72, 75, 77, 90) . Some have robust angiogenic potential (30) , respond to angiogenic factors, guide newly formed vessels, and provide survival signals for endothelial cells. Whether all pericyte subpopulations have angiogenic potential remains unknown.
As pericytes participate in stem cell support, self-renewal, and proliferation (50) , as well as tissue regeneration and repair (15, 18) , targeting only the pericyte subpopulation involved in angiogenesis may provide more efficient control of blood vessel development and a target for treatments designed to decrease (cancer) or increase (ischemic diseases) vascularization.
Recently, using Nestin-GFP/NG2-DsRed transgenic mice, we identified two pericyte subtypes, type 1 (Nestin-GFP Ϫ / NG2-DsRed ϩ ) and type 2 (Nestin-GFP ϩ /NG2-DsRed ϩ ). We found that they play diverse roles in different microenvironments (15, 17, 18) : while type-2 pericytes generate new muscle tissue after injury, type-1 pericytes are fibrogenic and adipogenic in old and diseased skeletal muscle, respectively. Whether their angiogenic potential differs is unknown.
Here, using a Matrigel plug assay, we show that angiogenesis occurs when type-2, but not type-1, pericytes are cultured with endothelial cells or injected in vivo. Moreover, only endogenous type-2 pericytes are recruited during tumor angiogenesis. We also found that type-2 pericytes recover blood flow in a mouse model of hindlimb ischemia. We propose targeting type-2 pericytes, rather than all pericytes, for antiangiogenic cancer therapy and tissue revascularization. This approach will not interfere with normal type-1 pericyte functions, such as extracellular matrix deposition, needed for normal tissue remodeling.
MATERIALS AND METHODS
Animals. Our colony of Nestin-GFP transgenic mice was maintained homozygous for the transgene on the C57BL/6 genetic background (54) . Our colony of C57BL/6 wild-type mice was used as the control. Male athymic nude (nu/nu) mice (Taconic Farms, Germantown, NY) were used in transplantation studies. NG2-DsRed transgenic mice expressing DsRed-T1 under the control of the NG2 promoter (89) and ␤-actin-DsRed transgenic mice expressing the red fluorescent protein variant DsRed.MST under the control of the chicken ␤-actin promoter coupled with the cytomegalovirus immediate-early enhancer (84) were purchased from the Jackson Laboratory (Bar Harbor, ME). All tissues of ␤-actin-DsRed transgenic mice fluoresce red (84) . Nestin-GFP mice were cross-bred with ␤-actin-DsRed mice to generate Nestin-GFP/␤-actin-DsRed double-transgenic mice. Nestin-GFP/NG2-DsRed double-transgenic mice are described elsewhere (15, 17, 18) . All colonies were housed in a pathogen-free facility of the Animal Research Program at Wake Forest School of Medicine under a 12:12-h light-dark cycle and fed ad libitum. Male and female homozygous mice were used, and their ages ranged from 3 to 5 mo. Animal handling and procedures were approved by the Wake Forest School of Medicine Animal Care and Use Committee.
Primary antibodies. Table 1 shows the antibodies and source. Mesenteric vessel isolation. Mesenteric vessels were isolated as described elsewhere (53) . Briefly, the mice were anesthetized and their arteries were removed, with all precautions to ensure sterility. The abdominal wall was opened in layers, and the celiac gland was exposed. The superior mesenteric artery was then easily identified in close proximity to the gland, stripped of surrounding mesentery, and clamped proximally. Blood was cleared from the artery and its branches by injection of 1 ml of cold PBS solution into the artery, distal to the clamp. Tissues were kept moist with PBS solution during dissection. After surrounding mesentery was teased away, the artery and its branches were quickly removed and stripped of periarterial fat and fibrous tissue. The superior mesenteric artery and its main branches were then dissected out and observed under phase-contrast and fluorescence microscopy.
Skeletal muscle immunohistochemistry. To detect DsRed and green fluorescent protein (GFP) fluorescence in 3-mo-old Nestin-GFP/NG2-DsRed mice, nondissociated extensor digitorum longus muscles were dissected; fixed in 4% paraformaldehyde (PFA) overnight; immersed in 10%, 20%, and 30% sucrose solutions for 60, 45, and 30 min, respectively; embedded in optimal cutting temperature (OCT) compound; and rapidly frozen in liquid nitrogen to prepare 10-m-thick cryosections. Muscle sections were fixed with 4% PFA for 30 min, permeabilized in 0.5% Triton X-100 (Sigma, St. Louis, MO), and blocked to saturate nonspecific antigen sites using 5% (vol/vol) goat serum-PBS (Jackson ImmunoResearch Laboratories, West Grove, PA) overnight at 4°C. On the next day, the sections were incubated with primary antibodies at 1:100 dilution for 4 h at room temperature and visualized using appropriate species-specific secondary antibodies conjugated with Alexa Fluor 680 at 1:1,000 dilution (Invitrogen, Carlsbad, CA) (87, 88) . Muscle sections were counterstained with Hoechst 33342, mounted on slides using fluorescence mounting medium (DakoCytomation, Carpinteria, CA), and examined under fluorescence microscopy.
Fluorescence-activated cell sorting. Fluorescence-activated cell sorting (FACS) was carried out on a flow cytometer (Aria Sorter, BD Biosciences, San Jose, CA). Data acquisition and analyses were performed using FACSDiva 5.0.3 software (BD Biosciences), gated for a high level of GFP or allophycocyanin (APC) expression. The clear separation of GFP ϩ from GFP Ϫ cells (14) and APC ϩ from APC Ϫ cells, as well as the low flow rate, explains the ease and accuracy of sorting (17) . Sorted cells were reanalyzed to confirm their fluorescence profile (14, 17) .
Isolation of type-1 and type-2 DsRed ϩ pericytes. Hindlimb muscle cells were freshly isolated from young adult (3-to 5-mo-old) Nestin-GFP/␤-actin-DsRed mice as described elsewhere (16) . Briefly, muscles were carefully dissected away from the surrounding connective tissue and minced, digested by gentle agitation in 0.2% (wt/vol) type-2 collagenase in Krebs solution at 37°C for 2 h, and dissociated by trituration and resuspension in 0.25% trypsin-0.05% EDTA in PBS for 15 min at 37°C. After centrifugation at 1,500 rpm for 5 min, the supernatant was removed, and the pellet was resuspended in growth medium. Aggregates were removed by passage through a 40-m cell strainer prior to sorting. After they were counted, the cells were centrifuged at 1,500 rpm for 5 min and resuspended in 100 l of 1% FBS in PBS per 10 6 cells. First, an aliquot was collected for use as unlabeled control (labeled with only the secondary APC anti-rabbit antibody, without the primary rabbit anti-NG2 antibody) to set the gate for APC. The remaining cells were incubated with the primary rabbit anti-mouse NG2 antibody for 45 min and washed in 1% FBS in PBS. They were then incubated for 30 min with APC anti-rabbit secondary antibody and washed in PBS with 1% FBS. The gate for GFP was set using cells isolated from skeletal muscle of wild-type mice. Sorting was based on GFP and APC fluorescence. Isolated Nestin-GFP ϩ /NG2-APC ϩ /␤-actin-DsRed ϩ and Nestin-GFP Ϫ /NG2-APC ϩ /␤-actin-DsRed ϩ cells were used in angiogenic in vitro assays, in Matrigel plug in vivo assays, and in cell fate-tracking experiments to evaluate vessel formation in vivo after hindlimb ischemia. In contrast to Nestin-GFP/NG2-DsRed, all Nestin-GFP/␤-actin-DsRed cells express ␤-actin-DsRed (21), and their red fluorescence persists even after their transdifferentiation, allowing us to track cell fate.
Cell culture. Human umbilical vein endothelial cells (HUVECs) were obtained from the American Type Culture Collection. All experiments used endothelial cells between passages 2 and 4. HUVECs were maintained in Medium 200 with endothelial low-serum growth supplement (Invitrogen) at 37°C with 5% CO 2. The medium was changed every other day. All cells were maintained as subconfluent cultures and split 1:3 at 24 h before use.
Angiogenic assays. Angiogenic assays were performed as described elsewhere (4) . Briefly, after overnight incubation at 4°C, 150 l of precooled Matrigel-reduced growth factor (BD Matrigel 356230) were transferred to a 48-well plate on ice. After gel formation at 37°C for 30 min, 4 ϫ 10 5 HUVECs were diluted in cell culture medium, and 500 l of the suspension were added to the 48-well plate. HUVECs were cultured alone as a control or together with 1.5 ϫ 10 5 type-1 DsRed ϩ purified pericytes or 1.5 ϫ 10 5 type-2 DsRed ϩ purified pericytes in the same culture medium. Plating dishes were incubated at 37°C, and after 3 h the culture medium was gently removed and Matrigel (150 l) was added to form a sandwich that was finally covered with 500 l of culture medium. After 10 days, the formation of endothelial tubular networks was examined under the microscope.
Matrigel plug assays. Matrigel plug assays were performed as described elsewhere (23) . Briefly, 4 ϫ 10 6 HUVECs and 5 ϫ 10 5 type-1 DsRed ϩ purified pericytes or 5 ϫ 10 5 type-2 DsRed ϩ purified pericytes were suspended in 500 l of culture medium. The cell suspensions were mixed with 500 l of liquid Matrigel-reduced growth factor (BD Matrigel 356230) at a ratio of 1:1 at 4°C. Nude mice (2-3 mo old) received a total of 1 ml of this mixture subcutaneously in the dorsal region, generating Matrigel plugs when warmed to body temperature (49) . Plugs were recovered 2 wk later.
Intracerebral transplantation of glioblastoma cells. To evaluate cell recruitment during brain tumor growth, orthotopic glioblastoma tumors were established by stereotaxic implantation of 2 ϫ 10 5 actively growing G26-H2 murine glioma cells in Nestin-GFP/NG2-DsRed mice. Briefly, mice were anesthetized with a mixture of 114 To prevent infection and alleviate pain and/or discomfort, all animals received an antibiotic (gentamicin, 5.8 mg/kg) and an analgesic (buprenorphine, 0.1-0.5 mg/kg). Mice were monitored for body weight and ambulatory, feeding, and grooming activities. Animals losing Ն20% of their body weight or having trouble ambulating or feeding were euthanized. Mice with tumors growing outside their intracranial space were eliminated from the study.
At 5 wk after implantation, mice were anesthetized again and transcardially perfused with cold PBS and then with 4% PFA solution in PBS. After decapitation, brains were rapidly dissected out, removed from the skull, postfixed for 24 h in the same fixative solution, and cryoprotected with 30% sucrose in PBS for 2 days. The brains were then placed in embedding cryomolds, covered with tissue embedding medium (OCT compound, Tissue-Tek, Sakura Finetek, Tokyo, Japan), snap-frozen in liquid nitrogen, and stored at Ϫ80°C.
Brain histological processing. Serial, 20-m-thick, coronal sections of frozen brains, obtained using a cryostat (Microm HM 500, Zeiss, Oberkochen, Germany) at Ϫ20°C, were mounted on SuperFrost Plus microscope slides in series of six (Fisher Scientific) and stored at Ϫ20°C. For experiments, the sections were dried at room temperature for 1 h, rehydrated in PBS, permeabilized with 0.5% Triton X-100 in PBS solution, and blocked to saturate nonspecific antigen sites using 5% (vol/vol) goat serum-PBS at 4°C overnight. On the next day, the sections were incubated, with Hoechst 33342 used as a nuclear marker. The sections were mounted on slides using fluorescence mounting medium and examined with fluorescence microscopy.
Subcutaneous transplantation of melanoma cells and tumor tissue processing. To evaluate cell recruitment during peripheral tumor growth, actively growing B16 melanoma cells were implanted subcutaneously into Nestin-GFP/NG2-DsRed mice at 3 ϫ 10 5 cells per mouse in 200 l of PBS-Matrigel (BD Biosciences). When tumors reached a volume Ͼ1,000 mm 3 , the mice were killed. Tumor tissues and adjacent muscle were dissected, harvested, and fixed in 4% PFA overnight. Tissues were then immersed in 30% sucrose solution overnight, embedded in OCT, and rapidly frozen in liquid nitrogen to prepare 10-m-thick cryosections, which were fixed with 4% PFA for 30 min, permeabilized in 0.5% Triton X-100, and blocked to saturate nonspecific antigen sites using 5% (vol/vol) goat serum-PBS overnight at 4°C. On the next day, the sections were incubated with the primary antibody anti-CD31 (platelet endothelial cell adhesion molecule) at room temperature for 4 h and visualized using appropriate species-specific secondary antibody conjugated with Alexa Fluor 680 at 1:1,000 dilution (Invitrogen). The sections were counterstained with Hoechst 33342, mounted on slides using fluorescence mounting medium, and examined with fluorescence microscopy.
Critical hindlimb ischemia model. Two-to 3-mo-old athymic nude (nu/nu) male mice were anesthetized with xylazine (20 mg/kg) and ketamine (100 mg/kg) by intraperitoneal injection as described elsewhere (30) and subjected to hindlimb ischemia by femoral artery ligation and transection. Immediately after surgery, mice received 2 ϫ 10 6 type-1 or type-2 DsRed ϩ pericytes or unconditioned DMEM (200 l) by intramuscular injection into the ischemic leg. Limb perfusion was assessed with in vivo MRI angiography 10 days after treatment, followed by fluorescence microscopy analysis of muscle harvested from the ischemic limb.
In vivo MRI angiography. All in vivo imaging was performed on a Bruker 70/30 horizontal-bore, small-animal MRI scanner equipped with a high-power gradient insert (60-mm inside diameter) capable of generating a maximal magnetic field gradient of 1,000 mT/m (Bruker Biospin, Ettlingen, Germany). Each animal was placed prone in a sliding mouse bed in an induction chamber initially filled with room air and then with a mixture of isoflurane (2%) and O2 (2 l/min) until the animal was anesthetized. A pillow over the abdomen monitored respiration rate, and a nose cone supplied isoflurane and O2 (typical levels: 1.5% and 1 l/min) during scanning. Thermostatically controlled warm air was blown into the bore of the magnet to keep the animal's skin temperature Ͼ35°C.
The animal's pelvis was placed at the center of the 7-T MRI magnet in a quadrature-volume radio-frequency coil with an inside diameter of 35 mm. A three-plane localizer scout scan was acquired using a rapid-acquisition-with-relaxation-enhancement (RARE) pulse sequence with the following parameters: repetition time (TR) ϭ 1,500 ms, echo time (TE) ϭ 35 ms, field of view (FOV) ϭ 3 cm, matrix size ϭ 128 ϫ 128, slice thickness ϭ 2.0 mm, and number of excitations (NEX) ϭ 1.
The high-resolution, T1-weighted scan and angiography scan were planned using the three-plane localizer images. The T1-weighted scan was acquired using a RARE pulse sequence with the following parameters: TR ϭ 3,000 ms, TE ϭ 8 ms, matrix ϭ 256 ϫ 256, FOV ϭ 2.2 cm, and NEX ϭ 3, for a total acquisition time of 7 min and an in-plane resolution of 86 m. High-resolution angiography scans were acquired using a fast low-angle shot two-dimensional gradient echo angiography sequence with the following parameters: TR ϭ 15 ms, TE ϭ 4 ms, FOV ϭ 2.2 cm, matrix ϭ 512 ϫ 360, slice thickness ϭ 0.40 mm, slice gap ϭ 0.25 mm, and NEX ϭ 16, for a total acquisition time of 1 h 14 min and an in-plane resolution of 43 ϫ 61 m. When scanning was complete, the mouse was removed from the scanner, placed on a warming pad, and allowed to regain consciousness.
Microscopy, cell imaging, and counting. An inverted motorized fluorescence microscope (model IX81, Olympus, Tokyo, Japan) with an Orca-R2 Hamamatsu charge-coupled device camera was used for image acquisition. Camera drive and acquisition were controlled by a MetaMorph imaging system (Olympus, Center Valley, PA). Ten arbitrary microscopic fields were counted in each immunostained plate or tissue section, and values were pooled from parallel duplicates per time point and individual experiment.
Statistical analysis. Values are means Ϯ SE. Statistical significance was assessed by Student's t-test using GraphPad Prism (GraphPad Software, San Diego, CA). P Ͻ 0.05 was considered significant.
RESULTS

Two pericyte subtypes enwrap blood vessels of various calibers.
Pericytes have been reported around microvessels (6, 76) and possibly larger vessels (1, 7, 27, 31, 56, 83) , and their heterogeneity has been described in various tissues (15, (17) (18) (19) 38) . However, whether distinct classes of pericytes surround blood vessels of a certain caliber is unknown.
The marker most commonly used to identify pericytes in recent years is NG2, the neuron-glial 2 chondroitin sulfate proteoglycan (62, 63) . We analyzed the small skeletal muscle capillaries and larger mesenteric blood vessels from NG2-DsRed/Nestin-GFP mice in which NG2 and Nestin regulatory elements control DsRed and GFP expression, respectively. We found the two types of pericytes, type 1 and type 2, around large blood vessel walls (Fig. 1A) and small capillaries (Fig.  1B) . Type-1 and type-2 pericytes stained positive for plateletderived growth factor receptor-␤ (PDGFR␤) (15, 18, 43) and CD146 (15, 18, 28, 68) (Fig. 1C) . Our results indicate that both pericyte subpopulations line the outer surface of the vasculature, irrespective of its caliber.
Recently, we showed that pericyte subtypes differ in their differentiation capacity. Type-1 pericytes are responsible for ectopic adipocyte deposition (15) and fibrous tissue accumulation with aging (18), while type-2 pericytes differentiate into the neural lineage (16, 17) and participate in skeletal muscle regeneration after injury (15) . Pericyte participation in engineered new blood vessels (30, 42) indicates their therapeutic potential, but whether the subtypes contribute differently to angiogenesis is unknown.
Only one pericyte subtype has angiogenic potential in vitro.
The angiogenic potential of pericyte subpopulations was initially evaluated in vitro by testing their ability to form vessellike structures when incubated with HUVECs. All type-1 and type-2 pericytes, sorted from Nestin-GFP/␤-actin-DsRed mice, expressed constitutive DsRed. In contrast to Nestin-GFP/NG2-DsRed mice, Nestin-GFP/␤-actin-DsRed mice express ␤-actin- DsRed in all cells (21) , and the red fluorescence persists even after their transdifferentiation, allowing us to track them after transplantation (Fig. 2, A-D) . We confirmed their purity as described previously (18) . HUVECs cultured alone in Matrigel usually form an unstable network that disappears after 5 days (57). All DsRed Ϫ cells are HUVECs, as they do not derive from ␤-actin-DsRed mice. After 10 days, we did not detect any vessel-like structures in the culture with type-1 pericytes (Fig.  2E) . In contrast, type-2 pericytes from Nestin-GFP/␤-actinDsRed mice formed vessel-like networks in the in vitro Matrigel assay (Fig. 2, E and F) . All DsRed ϩ cells were closely associated with HUVECs, assuming a clear periendothelial position (P Ͻ 0.05; Fig. 2, E and F) . These results suggest that only type-2 pericytes are angiogenic in vitro.
Only type-2 pericytes form blood vessels in vivo. To examine the angiogenic potential of type-2 pericytes in vivo, we used the murine Matrigel plug assay. Matrigel, an extract of the Engelbreth-Holm-Swarm tumor composed of basement membrane components, is liquid at 4°C and forms a gel when warmed to 37°C (49) . Pericyte subpopulations were isolated from Nestin-GFP/␤-actin-DsRed mice. In this assay, Matrigel plus HUVECs, Matrigel plus HUVECs and type-1 pericytes, and Matrigel plus HUVECs and type-2 pericytes were injected separately and subcutaneously into the dorsal region of nude mice (Fig. 3A) . The Matrigel plug solidified after the injection. At 2 wk after implantation, the Matrigel plug containing type-2 pericytes formed a large blood vessel network connected with the host vasculature. These vessels contained blood (n ϭ 3). In contrast, the Matrigel plug containing only HUVECs (data not shown) or HUVECs plus type-1 pericytes displayed no functional vessels (n ϭ 3; Fig. 3B ). As the transplanted pericytes were marked with ␤-actin-DsRed fluorescence, we detected those cells in the Matrigel plugs in vivo participating in the vessel formation (Fig. 3C) . These experiments indicate that type-2 pericytes are angiogenic in vivo.
Brain tumor angiogenesis recruits NG2-DsRed ϩ cells that express Nestin-GFP. Angiogenic activity is enhanced in some pathological conditions, such as tumors, in which pericytes contribute to vessel formation (10, 71, 85) . Pericytes stabilize the endothelium by surrounding the blood vessels and support angiogenesis by secreting VEGF (41) . To examine whether one pericyte subtype or both are recruited during tumor angiogenesis, we injected actively growing glioblastoma tumor cells into the right brain hemisphere of 3-mo-old NG2-DsRed/ Nestin-GFP mice (2 ϫ 10 cells/5 l, n ϭ 3). After 5 wk, we removed the brains to examine the NG2-DsRed ϩ cells in the tumor margins and adjacent normal brain tissue in coronal sections (Fig. 4A) . We detected NG2-DsRed ϩ /Nestin-GFP Ϫ and NG2-DsRed ϩ /Nestin-GFP ϩ cells in healthy normal brain tissue surrounding the tumor tissue (Fig. 4, B and C (Fig. 4, B-D) . Thus NG2-DsRed (33) . Whether more type-2 than type-1 pericytes migrate toward the tumor or the cancer cells stimulate oligodendrocyte progenitor cell migration is unknown.
Only type-2 pericytes are recruited during tumor vessel formation. As oligodendrocyte progenitors are restricted to the central nervous system (60), we implanted growing B16 melanoma cells hypodermically into 3-mo-old Nestin-GFP/NG2-DsRed double-transgenic mice to evaluate cell recruitment during tumor growth outside the central nervous system (3 ϫ 10 5 cells/200 l, n ϭ 3). After 2 wk, the tumors were surgically removed with a good margin of normal surrounding tissue (Fig.  5A ). Consistent with a previous report (17), we found two pericyte subpopulations on the abluminal surface of vessels in the normal skeletal muscle surrounding the tumor (Fig. 5, B and C) . Endo- thelial cells forming capillary tubes are located near pericytes (86) . In the walls of small vessels, we found both pericyte subtypes associated with endothelial cells marked with CD31 (Fig. 5, B and C) .
A fraction of NG2-DsRed ϩ cells (56.7 Ϯ 5.0%) expressed Nestin-GFP, while 43.3 Ϯ 5.0% were Nestin-GFP Ϫ . In contrast, we only detected NG2-DsRed ϩ /Nestin-GFP ϩ cells (99.7 Ϯ 0.3% of NG2-DsRed ϩ intratumoral cells), which showed a significant increase in the tumor (P ϭ 0.0001), surrounding CD31 ϩ microvessels (Fig. 5D) . Our results indicate that only endogenous type-2 pericytes (NG2-DsRed ϩ /Nestin-GFP ϩ ) are angiogenic. (81) . Critical limb ischemia, a leading cause of nontraumatic amputation (61) , is a condition of severe arterial obstruction in which blood flow to the legs and feet is not sufficient to maintain tissue viability. We used a well-established mouse model with unilateral hindlimb ischemia (30) to test whether pericyte subtypes can be used to promote angiogenesis. We transplanted type-1 ␤-actin-DsRed ϩ pericytes, type-2 ␤-actinDsRed ϩ pericytes, or DMEM as a control into the ischemic leg of a nude mouse with unilateral hindlimb ischemia (Fig. 6A) . After 10 days, we assessed limb perfusion using in vivo MRI angiography. We found that while type-1 pericytes did not recover femoral artery blood flow in the ischemic leg, type-2 pericytes induced partial recovery (Fig. 6, A-D) (the images are representative of 2 experiments). To test whether type-2 pericytes remain in the tissue, we analyzed muscles from these mice by fluorescence microscopy. We found that ␤-actinDsRed ϩ /Nestin-GFP ϩ type-2 pericytes formed the walls of newly formed blood vessels (Fig. 6E) . These results indicate that type-2 pericytes can be used for vascular therapy.
Type-2 pericytes improve blood flow in a mouse model of critical hindlimb ischemia. Stimulation of angiogenesis can improve perfusion and function in ischemic tissues
DISCUSSION
We propose that type-1 and type-2 pericytes in small capillaries and larger blood vessels vary in their angiogenic capacity. Only type-2 pericytes are angiogenic in vitro and in vivo and can be used in cell therapy to improve perfusion in ischemic tissues. In cancer, only type-2 pericytes from the surrounding normal tissue contribute to angiogenesis and can be a target for antiangiogenic therapy.
Pericytes are heterogeneous and differ in their regenerative capacity. We propose that pericytes are multipotent, but their subtypes are oligopotent (18) . They can behave like stem cells, but their potential in health and disease remains unknown (22) . Despite their putative common identity, pericytes are a heterogeneous cell population and differ in their developmental origins. Their ontogeny indicates that those in the head derive from the neurectoderm, while those in other organs derive from the mesoderm (34) . Pericytes from different anatomic locations differ morphologically, biochemically, and physiologically (6, 72) , and different pericyte subsets occupy the periendothelial compartment (9) .
Their multiplicity raises a question: Do pericyte subpopulations vary in function like stem cells do? Our previous work shows that pericyte subpopulations are oligopotent, differentially committed to specific lineages. Pericytes involved in repairing skeletal muscle differ from those that contribute to scar and fat formation. Our transplantation studies indicate that type-2 pericytes are myogenic (15) , while type-1 pericytes do not form muscle but contribute to fat deposition in diseased skeletal muscle (15) and fibrous tissue deposition with aging (18) .
Angiogenesis is the process of blood vessel assembly, beginning with cell clustering and ending with a vascular network. Angiogenic potential has been reported in pericytes (2, 30, 59, 79) . They rapidly form neovasculature, which readily anastomoses with the host vasculature and significantly ameliorates hindlimb ischemia in a femoral artery ligation model (30) . We show for the first time that only type-2 pericytes have angiogenic potential.
Blood vessels consist of endothelial and mural cells (32, 64) , the latter of which refers to pericytes or smooth muscle cells (8) . Pericytes' molecular markers can be down-or upregulated in various culture conditions, pathologies, and developmental states (9, 31, 32) . Identification of pericytes in tissue sections relies on the combination of their anatomic location and specific markers such as the NG2 proteogylcan (39, 50, 55, 78) . We distinguished two populations of pericytes in the skeletal muscle on the basis of Nestin-GFP expression (17) ; however, we do not know whether pericyte subtypes can interconvert. Two strategies, a pericyte subtype ablation in vivo and the discovery of additional specific markers, will address this question. We have shown that both pericyte subtypes can differentiate into smooth muscle cells in vitro (17) . Whether pericytes differentiate into smooth muscle cells under specific conditions in vivo remains to be studied. Interestingly, we found that only Nestin-expressing (type-2) pericytes, which do not express neural markers, form neural progenitor cells (14, 16, 17) .
The type-2 pericyte may be a cellular target for inhibiting tumor angiogenesis. Cancer is characterized by excessive angiogenesis (24) . Traditional antiangiogenic therapy aimed to inhibit as much as possible and to prune existing tumor vessels. The cellular targets of antiangiogenic drugs are normal host cells, such as pericytes or endothelial cells, which circumvents the acquired drug resistance when tumor cells are the target. Pericytes play an important role in stabilizing blood vessels in the microvasculature (58, 76) through cross talk with endothelial cells. Pericytes deposit matrix or releasing factors that can promote endothelial cell differentiation or quiescence (8) . Tumor blood vessels associated intimately with pericytes are more functional and stable than those lacking the support of pericytes (25) .
The combination of VEGF receptor and PDGFR␤ inhibitors affects pericyte-mediated endothelial cell survival, resulting in regression of tumor blood vessels and inhibiting tumor growth (13) . In parallel, the genetic depletion of pericytes using viral thymidine kinase slows primary tumor growth (26) . However, this strategy can also increase invasiveness, possibly by increasing normal blood vessel leakage and reducing the barrier that tumor cells intravasate. Thus distinguishing tumor pericytes from normal pericytes could provide a specific cellular target for more efficient therapy. We found that only type-2 pericytes participate in new blood vessel formation during tumor angiogenesis (Fig. 7, A and B) . Future work will analyze whether and how tumor type-2 pericytes differ from type-2 pericytes in normal vasculature. As pericytes are heterogeneous and subsets have different functions, targeting only the pericyte subpopulation involved in angiogenesis may be more efficient. Since antiangiogenic drugs are the leading therapy to arrest tumor growth, type-2 pericytes may provide a central cellular target susceptible to signaling and pharmacological manipulation.
Role of type-1 pericytes in tumor growth remains unclear. Our results indicate that endogenous type-1 pericytes do not participate in tumor angiogenesis, but they do not exclude a role in tumor growth. In cancer, stromal cells may acquire a phenotype of activated fibroblasts (69) . The signals that mediate the transition of normal cells into cancer-associated fibroblasts are not fully understood. Cancer-associated fibroblasts are commonly identified by their expression of ␣-smooth muscle actin (37, 67, 82) , which pericytes express in culture (48) . Phenotypic features of cancer-associated fibroblasts can be induced by transforming growth factor-␤, which mediates fibroblast activation in organ fibrosis (51) . Similar pathways may also be responsible for the emergence of cancer-associated fibroblasts in tumors (66) . These cells produce an extracellular matrix rich in type I collagen, which is conducive to initiating tumor angiogenesis (20) .
Recently, we showed that type-1 pericytes are fibrogenic and, when exposed to transforming growth factor-␤, may differentiate into fibroblasts, which produce type I collagen (18) . Additional studies are needed to determine whether type-1 pericytes can contribute to cancer-associated fibroblasts. However, using the Nestin-GFP/NG2-DsRed double-transgenic mice, we cannot track the fate of type-1 pericytes that change or lose their marker expression. We used NG2 and Nestin expression to distinguish type-1 pericytes (NG2 ϩ /Nestin Ϫ ) in tissues, but we do not have a positive marker for them. As NG2 is expressed in type-1 and type-2 pericytes (15), we must explore the complete type-1 and type-2 pericyte transcriptome to find a specific marker for type-1 pericytes.
Type-2 pericytes and therapeutic angiogenesis. Pathological changes in the vascular system, such as constriction and obstruction, may lead to ischemia and limb amputation. The goal of therapeutic angiogenesis is to treat ischemia by stimulating new blood vessel growth from existing vessels (35, 36, 44) . Several cell types have been used to induce neovascularization. Of the available cell therapy approaches, endothelial progenitor cells are lineage-committed and grow slowly (47) . By contrast, induced pluripotent stem cells exhibit high replicative capacity (80), but they have a tendency to lead to cancer.
Transplantion of mesenchymal stem cells (MSCs) induces neovascularization and improves blood flow to ischemic hindlimbs in animal models (40, 45, 74) . The presence of Fig. 7 . Schematic representation of type-2 pericyte involvement in angiogenesis. A: type-1 (yellow) and type-2 (green) pericytes are associated with blood vessels. We propose that only type-2 pericytes are angiogenic. B: type-2 pericytes participate in angiogenesis associated with ischemic conditions and tumor progression.
MSCs in many adult tissues suggests a common origin. Some have proposed that MSCs are pericytes on the basis of shared markers in vivo and in vitro (22) , and attention has turned to pericytes as stem cells with broad organ distribution (5, 28, 29, 52, 58, 70, 73) . Consistently, pericytes have been proposed for angiogenic therapy on the basis of their role in forming and stabilizing engineered blood vessels (30, 42) .
Because of their pivotal role in angiogenesis, pericytes represent a promising target for treatments designed to increase vascularization in ischemic diseases. Specific manipulation of type-2 pericytes, instead of the whole pericyte population, can preclude complications associated with excluding the benefits of type-1 functions. Future research should compare the angiogenic potency of various cell types: endothelial progenitor cells, embryonic stem cells, induced pluripotent stem cells, and MSCs. Our long-term studies will investigate the mechanisms underlying the angiogenic potential of type-2 pericytes and whether their ablation affects normal vascular function.
